1. Introduction {#sec1-ijms-21-04116}
===============

The term "estrogen" refers to a set of four steroid hormones naturally produced by the body: estrone (E1), 17β-estradiol (E2), estriol (E3), and estetrol (E4). Like all steroid hormones, estrogens are synthesized from cholesterol (27 carbons) via an enzymatic biosynthetic pathway, which takes place mainly in the ovaries in premenopausal women and in the placenta during pregnancy. When the ovarian function ceases at the time of menopause, fewer estrogens are produced by peripheral tissues, such as the adrenal glands, the liver, the brain, and adipose tissue. Estrogens are involved in the regulation of a large number of pathophysiological processes in women, but also in men. These hormones act to ensure and regulate the reproductive system, but also the neuroendocrine, cardiovascular, immune, and skeletal systems \[[@B1-ijms-21-04116]\].

Estrogen effects are primarily mediated by the nuclear estrogen receptors ERα and ERβ. ERα was cloned in 1986 from a cDNA library derived from MCF-7 breast cancer cells \[[@B2-ijms-21-04116]\] and ERβ was cloned ten years later from a cDNA library derived from rat prostate \[[@B3-ijms-21-04116]\]. These receptors belong to the NR3 class of nuclear receptors and are encoded respectively by the *ESR1* gene located on chromosome 6 (6q25.1) and the *ESR2* gene located on chromosome 14 (14q23.2) \[[@B4-ijms-21-04116],[@B5-ijms-21-04116]\]. In addition to the canonical forms ERα66 and ERβ1, different splicing and promoter variants have been cloned. These receptors are transcription factors able of directly regulating the expression of their target genes and are therefore involved in the genomic estrogen signaling.

In parallel, estrogen can also activate a non-genomic estrogen signaling which is initiated from estrogen receptors located at the membrane level. In 1997, Carmeci and colleagues \[[@B6-ijms-21-04116]\] cloned GPR30 from the breast cancer cell line MCF-7, further demonstrated by Revankar and colleagues \[[@B7-ijms-21-04116]\] to be a membrane estrogen receptor belonging to the superfamily of receptors coupled to G proteins. This receptor called GPR30 or GPER (G-protein-coupled estrogen receptor) is encoded by the *GPER1* gene. Regarding its location, GPER is mainly found at the plasma membrane and the endoplasmic reticulum membrane \[[@B7-ijms-21-04116]\]. Initially, GPER was considered as an orphan receptor but in 2005, Thomas and colleagues \[[@B8-ijms-21-04116]\] demonstrated that estrogens are able to interact with GPER, which can also bind phytoestrogens like Genistein as well as xenoestrogens like Bisphenol A.

Interestingly, it has also been shown that different variants of nuclear estrogen receptors alpha and beta can be found at the plasma membrane following post-translational modifications, such as palmitoylation or myristoylation. This is notably the case for ERα66, ERβ1, ERα36, and ERα46 \[[@B9-ijms-21-04116],[@B10-ijms-21-04116],[@B11-ijms-21-04116],[@B12-ijms-21-04116]\]. This sub-membrane localization is associated with the activation of non-genomic estrogen signaling.

In this review, we will focus on the estrogen receptor variant ERα36 which is primarily located at the plasma membrane and described as the main mediator of estrogen non-genomic signaling. Since its cloning, an increasing number of studies suggest that this variant plays a major role in the progression of various cancers and in the development of resistance to anti-tumor treatments. However, its expression is never taken into account in the clinical diagnosis. We will also report recent data on the role of ERα36 in the pathophysiology of hormone-sensitive organs and new strategies arising from in vitro studies aimed to modulate ERα36 expression and function in cancers.

2. ERα36 in the Landscape of ERα Variants {#sec2-ijms-21-04116}
=========================================

The promoter region of the *ESR1* gene spans more than 150 kb on chromosome 6 (6q25.1), and contains at least nine non-coding exons and seven alternative promoters which contribute to regulating the differential expression of ERα in different estrogen target tissues ([Figure 1](#ijms-21-04116-f001){ref-type="fig"}). The first transcription start site (TSS), located at the level of the non-coding exon "A", was identified by Greene and colleagues in 1986 \[[@B2-ijms-21-04116]\]. In addition, Keaveney and colleagues \[[@B13-ijms-21-04116]\] demonstrated the existence of an acceptor splice site localized 163 bp downstream of the exon A TSS. This site is highly conserved among vertebrates as the point of anchorage for the various non-coding exons of the promoter region. Then, the majority of non-coding exons were shown to have their own TSS \[[@B14-ijms-21-04116]\]. Moreover, an eighth alternative promoter located upstream of exon 1 has been described \[[@B14-ijms-21-04116],[@B15-ijms-21-04116],[@B16-ijms-21-04116]\].

The coding region of the *ESR1* gene spans over 300 kb and consists of 10 exons and nine introns, which are the source of four isoforms: ERα66, ERα46, ERα36, and ERα30. The canonical form of ERα, called ERα66, is a 595 amino acid protein of 66 kDa. ERα66 displays all of the functional domains typical for nuclear receptors \[[@B17-ijms-21-04116]\]. The A/B domain located at the N-terminal end is the least conserved domain between the members of the superfamily of nuclear receptors, both in terms of length and of amino acid sequence homology. This region contains the AF-1 transactivation domain that allows ligand-independent activation of transcription. In addition, the A/B domain has several phosphorylation and sumoylation sites that allow the recruitment of co-activators or co-repressors and can modulate the regulation of ERα66 target genes \[[@B18-ijms-21-04116]\]. The C domain, also called DBD (DNA-binding domain), is a highly conserved domain which allows the attachment of ERα66 to specific response elements located in the promoter region of the target genes. This domain consists of 2 zinc finger motifs, each consisting of four cysteines surrounding a Zn^2+^ ion. At the base of the first zinc finger is a P-box (proximal box) motif involved in the recognition of the response elements, while the second zinc finger is associated with a D-box (distal box), which is necessary for ERα66 dimerization and function \[[@B19-ijms-21-04116],[@B20-ijms-21-04116],[@B21-ijms-21-04116]\]. The D domain is a flexible hinge region that allows the rotation of the DBD to facilitate the binding of the receptor to its response element. The nuclear localization signal that allows the translocation of the receptor to the nucleus is present in this poorly conserved region. This sequence is exposed as a result of a change in the D domain conformation induced by ligand binding \[[@B22-ijms-21-04116]\]. The E/F domain is the ligand-binding domain (LBD) and participates in the dimerization of the receptor. For most nuclear receptors, including ERα66, this E/F domain consists of 12 α helices and an antiparallel beta sheet, which form the binding pocket for hydrophobic ligands. This region also contains the AF-2 transactivation domain, which consists of the H3, H4, and H12 helices, and which results in the ligand-dependent activation of transcription. Indeed, depending on the agonist or antagonist nature of the ligand, the orientation of the H12 helix is different, and has an impact on the recruitment of the co-factors needed to regulate ERα66 transcriptional activity \[[@B23-ijms-21-04116],[@B24-ijms-21-04116]\].

The three variants of ERα66, namely ERα46, ERα36, and ERα30, result from alternative splicing mechanisms, but also from the use of alternative promoters ([Figure 1](#ijms-21-04116-f001){ref-type="fig"}). Unlike the canonical form ERα66, which is encoded by exons 1--8, the variant ERα46 is transcribed from promoters E and F and encoded from exons 2 to 8. At the protein level ([Figure 2](#ijms-21-04116-f002){ref-type="fig"}), this 46 kDa variant lacks the AF-1 transactivation domain. ERα46 can be palmitoylated by the PAT (palmitoyltransferase) enzyme and thus recruited to the caveolae at the plasma membrane \[[@B25-ijms-21-04116]\]. This variant triggers more potent non-genomic signaling than ERα66 \[[@B10-ijms-21-04116]\]. Moreover, ERα46 expression in ERα-positive tumors is associated with less aggressive tumors, likely due to the fact that it decreases the proliferation rate in response to E~2~ \[[@B26-ijms-21-04116]\].

More recently, a 30 kDa variant, called ERα30, was identified by Zhu H. and colleagues \[[@B27-ijms-21-04116]\]. This variant is encoded by exons 1, 2, 3, and 8, but also by a part of exons 4 and 6. In effect, during alternative splicing, the first 24 nucleotides of exon 4 are directly linked to the last 44 nucleotides of exon 6. At the protein level, it results in a truncated D hinge domain as well as in the absence of the LBD and the AF-2 transactivation domain. ERα30 has a small C-terminal 10 amino acid-specific region, of which the function and impact on the structure of the protein are not described \[[@B27-ijms-21-04116]\].

![Structure of canonical forms and different variants of ERα66 and ERβ1. The canonical ERα 66 and ERβ1 respectively encompass 595 and 530 amino acids. (**A**) The ERα66 variants, ERα46 and ERα36, do not display a A/B domain which is involved in ligand-independent transactivation. In addition, the ERα36 variant has a truncated E/F domain and a small specific sequence, of 27 amino acids (green box), at the C-terminal end. The ERα30 variant retains only the A/B domain, the C domain and part of a D domain. In the C-terminus this variant has a short specific sequence of 10 amino acids (black box). (**B**) The 4 variants of ERβ, all have a truncated E/F domain and a small specific sequence of variable size at the C-terminal end (black box). Characteristic of ERβ2, the 26 amino acids specific to the C-terminal end are encoded by an exon called "exon 9" or "exon cx" located downstream of exon 8 of the *ESR2* gene. Adapted from \[[@B28-ijms-21-04116],[@B29-ijms-21-04116]\].](ijms-21-04116-g002){#ijms-21-04116-f002}

The ERα36 variant is transcribed from an alternative promoter located in the first intron of the *ESR1* gene and is encoded by exons 1′, 2--6, and 9. From a functional point of view, the ERα36 protein, retains the DBD, as well as part of the LBD, but not AF-1 and AF-2 transactivation domains. ERα36 also possesses a specific C-terminal region of 27 amino acids encoded by exon 9 and containing a functional nuclear export signal, inducing the exportation of ERα36 from the nucleus \[[@B15-ijms-21-04116],[@B30-ijms-21-04116]\]. Moreover, this unique C-terminal domain of ERα36 and more precisely the L297 residue plays a crucial role in the interaction between ERα36 and p-ERK2 \[[@B30-ijms-21-04116]\].

3. Consequences of ERα36 Expression in Non-Cancerous Cells {#sec3-ijms-21-04116}
==========================================================

Since its cloning in 2005, the ERα36 variant has been mainly described in the literature for its role in the progression of different types of cancer. However, the ERα36 mRNA was also found in various healthy estrogen-sensitive tissues such as the mammary gland, the uterus, the bone and cartilage tissues, renal tubules, the stomach, etc. \[[@B31-ijms-21-04116],[@B32-ijms-21-04116],[@B33-ijms-21-04116],[@B34-ijms-21-04116],[@B35-ijms-21-04116],[@B36-ijms-21-04116]\]. This suggested that this variant could participate in mediating the physiological effects of estrogens.

3.1. In Vivo {#sec3dot1-ijms-21-04116}
------------

### 3.1.1. Impact of ERα36 on the Development of the Male Germ Line {#sec3dot1dot1-ijms-21-04116}

Testicular germ cell tumors (TGCTs) are the most common cancers in young men. The origin of these cancers is not fully understood but genetic and cellular evidence suggest that they arise from embryonic germ cells. Fetal exposure to xenoestrogens appear to alter fetal germ cell differentiation leading to carcinogenesis \[[@B37-ijms-21-04116],[@B38-ijms-21-04116]\]. Previous studies from Ajj and colleagues \[[@B39-ijms-21-04116]\] demonstrated the involvement of ERα36 in the progression of TGCTs. Therefore, Guerquin and colleagues aimed at characterizing ERα36 expression in human fetal gonads by collecting male and female gonads from 6 to 18 weeks of gestation. This period covers the transition from a pluripotent state to a differentiated state. Unlike ERα66, ERα36 mRNA and protein were not detected either by quantitative PCR, Western blot or immunohistochemistry in these samples. Different fetal tissues (bone, liver, skin, intestine, brain, lung, heart, etc.) were also collected between six and 10 weeks of gestation to characterize the expression of ERα66, ERα36, and ERβ by quantitative PCR. The mRNA of ERα36 was not detected in the different tissues tested unlike ERα66 and ERβ.

The impact of this variant on the physiological development of the murine male germ line was also studied. Since the sequence encoding ERα36 is not present in the mouse genome, a C57BL/6J transgenic line specifically expressing ERα36 in the germline was developed. More precisely, the ERα36 coding sequence was cloned under the control of the promoter of Pou5f1 deleted from its proximal element (Oct4-∆PE). Indeed, unlike the distal element, which drives expression restricted to the germline, the proximal element of the Oct4 promoter can be activated in other cell types derived from the epiblast. In addition, the Oct4-∆PE promoter allows the expression of the transgene from 8 dpc (day post-coitum) in primordial germ cells \[[@B40-ijms-21-04116],[@B41-ijms-21-04116]\]. The study of the Oct4-ERα36 transgenic model was carried out by to monitor fetal germ cell differentiation after transgene expression and the consequence on fertility in adulthood. A transcriptomic analysis was performed on male fetal germ cells collected from wild-type (wt) and transgenic animals (Tg Oct4-ERα36) at 15.5 dpc. Thereby, 1365 genes, the expression of which varies significantly (*p* \< 0.05) between the wt and the Tg Oct4-ERα36 lots, were submitted to functional analyses through the "Panther (Protein ANalysis THrough Evolutionary Relationships) Classification System" databases (<http://pantherdb.org/>) and "DAVID (Database for Annotation, Visualization and Integrated Discovery)" (<https://david.ncifcrf.gov/>).

The results obtained indicated that ERα36-dependent signaling modulates the expression of genes associated with the GO terms: "cell cycle", "meiosis", and "differentiation" (*p*-value \< 3 × 10^−2^) ([Figure 3](#ijms-21-04116-f003){ref-type="fig"}), suggesting that the expression of this variant in the male germ line is associated with a modulation of the proliferation, meiotic division, and differentiation processes which could lead to an altered germinal identity of the cells. However, no defects in differentiation, sperm quality, and fertility were observed in adult Tg Oct4-ERα36 animals tested (unpublished data). Nevertheless, the lack of defects in fertility after ERα36 overexpression in murine germ cells does not presuppose the lack of consequences in human germ cells. Conversely to murine germ cells, human germ cell differentiation is asynchronous, and the proliferative window is longer (several days in mice versus several months in humans).

### 3.1.2. Impact of ERα36 on the Development of the Murine Mammary Gland {#sec3dot1dot2-ijms-21-04116}

Estrogens play a major role during the post-pubertal development of the mammary gland by driving duct elongation and branching. Conversely, various knockout mouse studies indicate that the canonical estrogen receptors, ERα66 and ERβ1, are not necessary for pre-pubertal development of this organ \[[@B42-ijms-21-04116],[@B43-ijms-21-04116]\]. Since ERα36 is a human-specific isoform, no information was so far available on its involvement during healthy mammary gland development. Thiebaut and colleagues \[[@B44-ijms-21-04116]\] studied the impact of ERα36 expression using a MMTV-ERα36 transgenic C57BL/6J mouse model specifically expressing ERα36 in the mammary gland. To assess the impact of ERα36 expression on the embryonic and neonatal development, a quantitative analysis of the mammary tree and the histological aspect of the ducts were carried out in wt and Tg MMTV-ERα36 animals at weaning (21 days). The architecture of the rudimentary mammary tree, which develops during the embryonic and neonatal phase, was not affected by the expression of ERα36, whereas the epithelium appeared to be slightly thicker. In adulthood (16 weeks), the expression of ERα36 was associated with an altered mammary duct histology in virgin MMTV-ERα36 Tg mice. Indeed, there was a significant increase in the lumen and the stromal thickness as well as a significant decrease in the epithelium thickness and expression of the E-cadherin protein in the mammary epithelium.

These observations suggested that, in response to endogenous estrogens produced at puberty, the activation of ERα36-dependent estrogen signaling altered the post-pubertal mammary duct histology. These data were reminiscent of those observed by Bocchinfuso and colleagues \[[@B42-ijms-21-04116]\], who observed a hyperstimulation of the mammary estrogen response in wt mice treated with E~2~. The changes observed and especially the epithelium thinning and the loss of expression of E-cadherin suggested that ERα36 was involved in the control of proliferative and migratory abilities of mammary epithelial cells.

3.2. In Vitro and In Silico Studies on Healthy Breast Epithelial MCF-10A Cells {#sec3dot2-ijms-21-04116}
------------------------------------------------------------------------------

### 3.2.1. Analysis of the Transcriptome of MCF-10A/ERα36 and MCF-10A/Zeo Cells {#sec3dot2dot1-ijms-21-04116}

Thiebaut and colleagues \[[@B44-ijms-21-04116]\], performed a transcriptomic analysis on MCF-10A/ERα36 and MCF-10A/Zeo cells. The main GO terms associated with ERa36 expression were "signal transduction", "cell proliferation", "cell surface receptor linked signal transduction", and "apoptotic process" and the main signaling pathways were "PI3K/AkT signaling pathway", "MAPK signaling pathway", "cAMP signaling pathway", and "JAK/STAT signaling pathway". Interestingly, these biological processes and pathways are often described in the literature for their involvement in breast carcinogenesis \[[@B45-ijms-21-04116]\]. In addition, some of these genes were previously described as markers associated with the epithelial-mesenchymal transition \[[@B46-ijms-21-04116]\]. For instance, in MCF-10A/ERα36 cells, a significant decrease in the epithelial markers CDH1 and Ocln was observed, alongside a significant increase in the expression of the mesenchymal marker, CDH2. Moreover, a trend was observed for an increase in the expression of the mesenchymal marker Foxc2. Thereafter, the involvement of STAT3, NF-κB (p65), and PTEN in the ERα36-dependent signaling was validated in vitro, suggesting that the effects of ERα36 in healthy breast epithelial cells preferentially involved the NF-κB and JAK2/STAT3 signaling pathways.

### 3.2.2. Phenotypic Study of MCF-10A/ERα36 and MCF-10A/Zeo Cells {#sec3dot2dot2-ijms-21-04116}

In order to validate and clarify the data obtained in silico, Thiebaut and colleagues \[[@B44-ijms-21-04116]\] explored the consequences of ERα36 overexpression on the proliferation, migration and apoptotic response of healthy breast epithelial MCF-10A cells. ERα36-dependent signaling was associated with resistance to apoptosis induced by staurosporine and an increase in the migratory potential of MCF-10A cells. Moreover, ERα36 overexpression led to a STAT3-dependent decrease in proliferation. Given that this factor is generally considered to be an inducer of proliferation, the role of ERβ in this process was then explored \[[@B47-ijms-21-04116]\]. Indeed, this isoform or the estrogen receptor is mainly described in the literature for its antiproliferative effect on breast cancer cells \[[@B48-ijms-21-04116]\], and a study by Wang and colleagues \[[@B49-ijms-21-04116]\] showed that its expression is induced by STAT3 in pulmonary adenocarcinomas. ERα36 expression in MCF-10A cells led to a nuclear relocation of ERβ (Thiebaut, unpublished data) which appeared to be attenuated upon treatment with the STAT3 inhibitor, 5.15 DPP. This suggested a link between ERα36, STAT3, and ERβ, which could lead to a decrease in proliferation, triggered by ERα36 but dependent on ERβ activity.

These results obtained in vitro may provide insight into the histological aspect of the mammary epithelium observed in the Tg MMTV-ERα36 mouse model. On the one hand, it can be hypothesized that the increase in the epithelium thickness, which is observed at weaning in Tg MMTV-ERα36 animals, could mirror the resistance to apoptosis in breast epithelial cells expressing ERα36. Apoptosis plays a major role during morphogenesis by allowing the remodeling of new tissue structures. The disruption of this process could have an impact on the lumen width in the primary mammary tree. On the other hand, the decrease in epithelium thickness observed in adulthood could be due to slackening in cell division induced by ERα36 expression. Finally, the disorganization of the epithelium observed in adulthood could be linked to the loss of the epithelial identity (lower E-cadherin and occludin expression) of the duct cells or to acquired expression of mesenchymal markers (N-Cadherin) and migratory properties. The induction of migration and cell survival, which are two hallmarks of cancer cells, indicated that the expression of ERα36 played a role in the neoplastic transformation of the mammary epithelium. However, Chamard-Jovenin and colleagues \[[@B50-ijms-21-04116]\] showed that nude mice grafted with MCF-10A/ERα36 or MCF-10A/Zeo did not develop tumors. This suggests that the sole overexpression of ERα36 in mice breast epithelial cells is not sufficient to induce tumor formation.

4. The Functions of ERα36 in Cancer {#sec4-ijms-21-04116}
===================================

An increasing number of studies have clearly demonstrated that ERα36 plays a major role in tumor progression and in the development of resistance to cancer treatments. Nevertheless, conversely to ERα66, its expression is still not routinely addressed in clinics.

4.1. Mammary Tumors {#sec4dot1-ijms-21-04116}
-------------------

Breast cancer (BC) is the most common cancer worldwide with the highest incidence and mortality rate in women. Recent data indicate that 2.1 million new cases of BC were diagnosed worldwide in 2018, i.e., approximately one quarter of all cancers diagnosed in women that year. The number of cancer-associated deaths that year was 630,000, which represents 15% of the all cancer-related deaths in women \[[@B51-ijms-21-04116]\]. BC is a multifactorial disease resulting from a combination of factors from internal risks (gender, genetics, hormonal history) and external risk factors related to the environment (exposure to endocrine disruptive compounds, ionizing radiation...) and lifestyle (smoking, alcohol consumption, absence of physical activity, contraceptive or hormone replacement therapy intake...). The classification of mammary tumors reflects the heterogeneity of this pathology and is based on histological, anatomopathological, or molecular criteria. The molecular classification of BCs is based on the expression of 3 biomarkers: the estrogen receptor alpha (ERα66), the progesterone receptor (PR) and the human epidermal growth factor (HER2). This classification is mainly used to determine the prognosis and to guide the therapeutic strategy. Luminal A/B tumors (70% of total breast tumors) express one or both hormone receptors, are treated by hormone therapy (mainly the ER antagonist tamoxifen or the anti-aromatase anastrozole) and considered to be of good prognosis. HER2-positive tumors (10--15% of total breast tumors) are the target for effective anti-HER2 therapy (trastuzumab, lapatinib...). Lastly, tumors with no or little ER, PR, or HER2 expression are called "triple-negative" and have the worst prognosis, since patients are treated with high doses of radio/chemotherapy \[[@B51-ijms-21-04116]\].

### 4.1.1. The Prognostic Value of ERα36 {#sec4dot1dot1-ijms-21-04116}

The first retrospective study of 896 patients showed that 40% of the BCs expressed a high level of both the membrane and cytoplasmic forms of the ERα36 protein, independently of ERα expression. Moreover, its expression was associated with HER2 protein expression and with resistance to tamoxifen treatment \[[@B52-ijms-21-04116]\]. Later, Wang and colleagues \[[@B53-ijms-21-04116]\] confirmed that around 40% of patients express ERα36 at the plasma membrane, and although a high level of ERα36 expression was associated with tumor size and histological grade, they found no association with HER2 expression. In 2015, Chamard-Jovenin and colleagues \[[@B54-ijms-21-04116]\] showed through a retrospective study of 118 breast tumor samples, that a strong expression of ERα36 mRNA was correlated with the expression of several metastatic markers. In addition, patients with ERα36-positive tumors were inclined to develop metastases and resistance to tamoxifen treatment \[[@B53-ijms-21-04116]\]. Thus, from a clinical point of view, the high level of ERα36 expression in breast tumors was clearly associated with a poor prognosis due to enhanced metastatic potential of the tumor. A recent study confirmed that the expression of ERα36 was of poor prognosis in PR-positive tumors. However, this expression was significantly associated with longer survival in PR-negative tumors, suggesting a crosstalk between ERα36 and PR in breast cancer \[[@B55-ijms-21-04116]\]. Therefore, ERα36 could become a new prognostic marker to discriminate a subset of PR tumors, generally associated with a good prognosis that may develop metastases.

### 4.1.2. Molecular Mechanisms of Action {#sec4dot1dot2-ijms-21-04116}

The effects of ERα36 on mammary tumor progression and resistance to treatment are commonly linked to its ability to activate/mediate non-genomic signaling pathways ([Figure 4](#ijms-21-04116-f004){ref-type="fig"}). The impact of several ERα66 agonists (estrogens, estrogen-mimicking endocrine disruptors) and antagonists (tamoxifen or fulvestrant) on the modulation of ERα36 activity remains controversial \[[@B56-ijms-21-04116]\]. Indeed, the LBD model of this variant, which was carried out based on the crystal structure of the LBD of the canonical form ERα66, suggests molecular interactions between ERα36 and the various potential ligands mentioned above. However, the binding affinity tests performed in vitro did not confirm the interactions predicted by the models. Nevertheless, these observations do not exclude that these ERα66 agonists and antagonists may indirectly modulate ERα36-dependent signaling or even the expression of ERα36 (see further). Moreover, Kang and colleagues \[[@B57-ijms-21-04116]\] showed through other modeling studies and binding affinity tests that the GPER agonist, called G1, triggers a direct interaction and activation of ERα36.

#### The EGFR/Src/STAT3/5 Pathway

Studies by Zhang and colleagues \[[@B58-ijms-21-04116],[@B59-ijms-21-04116]\] in several ERα66-positive breast cancer cell lines (MDA-MB-231 and MDA-MB-436) indicated that ERα36 could physically interact with Src. This interaction leads to the phosphorylation of Y416, associated with Src activation, as well as the dephosphorylation of Y527 which was associated with its inactivation. Once activated, Src was in turn responsible for activating EGFR via Y845 phosphorylation. The activation of this pathway leads to the induction of the STAT3/5 effector, which regulates the expression of cyclin D1 and thus stimulates tumor growth \[[@B60-ijms-21-04116]\]. In connection with this pathway, it has also been shown that ERα36 could stabilize EGFR by preventing its degradation \[[@B58-ijms-21-04116]\].

#### The ERα36/HER2/EGFR Pathway

A crosstalk between the signaling pathways induced by ERα36, HER2 and EGFR has been demonstrated and seems to play a major role in the acquisition of resistance to anti-estrogens. Indeed, Chu and colleagues \[[@B61-ijms-21-04116]\] showed that the use of both tamoxifen and lapatinib (an EGFR inhibitor) restored the sensitivity of breast cancer MCF-7 cells to tamoxifen. In addition, this ERα36/EGFR/HER2 loop is involved in the development of resistance to chemotherapy, and more particularly to cisplatin, in MCF-7, BT474, and MDA-MB-231 breast cancer cells \[[@B62-ijms-21-04116]\].

Finally, Kang and colleagues \[[@B63-ijms-21-04116]\] demonstrated that ERα36 and HER2 cooperate for the maintenance and regulation of the population of ALDH1-positive breast cancer stem cells in tumors.

#### The Ras/MEK/ERK1/2 Pathway

In a model of HEK293 cells stably expressing ERα36, Wang and colleagues \[[@B11-ijms-21-04116]\] showed that BSA-coupled E~2~, leads to ERα36 phosphorylation and triggers the activation of MEK1 and ERK1/2. In addition, tamoxifen or fulvestrant treatment of these cells promotes the ERα36-dependent phosphorylation of ERK1/2. These observations were confirmed in ERα66-positive MCF-7 cells that overexpress ERα36 and in ERα66-negative HCC38 cells which express this variant endogenously \[[@B11-ijms-21-04116],[@B64-ijms-21-04116],[@B65-ijms-21-04116]\].

Recently, Omarjee and colleagues \[[@B30-ijms-21-04116]\] demonstrated that ERα36 possesses a D domain which interacts with phosphorylated ERK2 (P-ERK2). This interaction stabilizes the activity of P-ERK2 by impeding the action of the phosphatase MKP3 which inactivates ERK2. P-ERK2 will in turn phosphorylate paxillin on Ser145 to activate the transcription of cyclin D1. In addition, ERα36 binding to P-ERK2 depends on the activation of Src \[[@B30-ijms-21-04116]\].

#### The PKC-Dependent Pathway

The studies by Chaudhri and colleagues \[[@B65-ijms-21-04116]\] conducted on HCC38 TNBC cells demonstrated the importance of the PKC-dependent pathway in ERα36-dependent signaling. Indeed, E~2~-BSA-dependent activation of PI3K/AkT/PKC by ERα36 leads to the activation of EMT metastatic factors, namely Snail1, CXCR4, and RANKL, concomitantly with E-cadherin loss of expression. Moreover, E~2~/ERα36 leads to the activation of PLC (Phospholipase C) and to the cleavage of PIP2 into IP3 and DAG \[[@B66-ijms-21-04116]\]. IP3 triggers calcium release from the smooth endoplasmic reticulum, while DAG activated PKC, phosphorylates ERK1/2 to promote the proliferation and metastatic potential of tumor cells. In connection with this pathway, Chaudhri and colleagues \[[@B67-ijms-21-04116]\] showed that PIP2 activated AkT and thus inhibited JNK (c-Jun Kinase), which initiates the apoptotic cascade. Therefore, ERα36-dependent signaling is also associated with the development of resistance to apoptosis mechanisms.

#### The PI3K/AkT Pathway

The activation of the PI3K/AkT pathway in connection with ERα36 was demonstrated in the context of Hec1A endometrial cancer cells. Indeed, in response to E~2~ or tamoxifen, a rapid activation of AkT leads to an increase in proliferation and an inhibition of the apoptotic signaling cascade \[[@B64-ijms-21-04116],[@B66-ijms-21-04116],[@B67-ijms-21-04116]\]. In the presence of E~2~, ERα36 interacted directly with PI3K in the cytoplasm of TNBC cells (HBCc-12A line derived from HBCx-12A PDX). However, the mechanisms underlying this interaction have not yet been identified \[[@B30-ijms-21-04116]\].

In conclusion, all of these results indicate that the ERα36 variant plays a pivotal role in various signaling pathways, previously described for their involvement in tumor progression. However, it is noteworthy that all of these data were obtained in vitro in different types of cell lines and mainly in models studying ERα36 overexpression. Their relevance remains to be addressed in vivo in a pathophysiological context.

#### ERa36 and Other Hormonal Nuclear Receptors?

An emerging concept that hormone receptors crosstalk to regulate each other has emerged \[[@B68-ijms-21-04116]\]. However, so far, ERα36 has been shown to regulate only ERα activity \[[@B11-ijms-21-04116]\]. Recently, Konan and colleagues \[[@B55-ijms-21-04116]\], showed that ERα36 binds to progesterone receptor (PR) and interferes with progesterone signaling. Indeed, ERα36 modulates PR expression, phosphorylation, and transcriptional activity. Interestingly, ERα36 is involved in the action of progesterone on cell proliferation and migration. Moreover, ERα36 expression is associated with a reduced metastasis disease-free survival in PR-positive tumors \[[@B55-ijms-21-04116]\].

4.2. Other Cancers {#sec4dot2-ijms-21-04116}
------------------

The ERα36 variant has also been described for its role in the development and progression of other types of cancers.

### 4.2.1. Endometrial Cancer {#sec4dot2dot1-ijms-21-04116}

Although ERα36 expression is lower in cancer tissues than in normal endometrium, an increase in its expression is correlated with the progression and onset of metastases into the cervix \[[@B64-ijms-21-04116]\]. Moreover, a strong expression of ERα36 is correlated with a significant decrease in disease-free survival (DFS) in endometrial cancer \[[@B34-ijms-21-04116]\]. As in breast cancer, ERα36 protein localizes in cell membrane of hyperplastic endometrial cells and co-localizes with EGFR \[[@B69-ijms-21-04116],[@B70-ijms-21-04116]\]. ERα36 stimulates proliferation of Hec1a endometrial cancer cells through the activation of MEK/ERK and PI3K/Akt pathways \[[@B64-ijms-21-04116]\].

### 4.2.2. Lung Adenocarcinoma {#sec4dot2dot2-ijms-21-04116}

ERα36 expression is associated with poor prognosis in lung adenocarcinoma rather than in squamous cell carcinoma. In fact, Zhang and colleagues \[[@B71-ijms-21-04116]\] revealed that in adenocarcinoma patients, high ERα-36 expression was associated with poorer DFS and overall survival (OS) whereas it is not the case for squamous cell carcinoma patients. High ERα36 expression was associated with lymph node metastasis in 92.3% of adenocarcinoma cases. Multivariate analysis on a cohort of 126 tumors showed that ERα36 was an independent prognostic marker for DFS \[[@B71-ijms-21-04116]\].

### 4.2.3. Renal Cell Carcinoma {#sec4dot2dot3-ijms-21-04116}

Wang and colleagues \[[@B35-ijms-21-04116]\] studied ERα36 expression by IHC in a cohort of 125 renal cancer cases. They showed that ERα36 expression positively correlated with tumor size, clinical stage, and necrosis. Moreover, patients with high ERα36 staining had a poor clinical outcome in terms of DFS and OS. This poor prognosis is amplified when ERα36 is localized at the membrane level. Multivariate analysis in this cohort show that ERα36 expression is an independent predictor of shorter DFS and that ERα36 localization is an independent prognostic marker for DFS and OS \[[@B35-ijms-21-04116]\].

### 4.2.4. Gastric Cancer {#sec4dot2dot4-ijms-21-04116}

Although the expression of ERα36 is very high in several gastric cancer cell lines (SGC-7901, AGS, BGC-923, and MKN-45), two independent clinical studies regarding the expression of ERα36 in gastric cancer produced conflicting results. Indeed, in these two studies, the amount of ERα36 mRNA in cancer samples is alternately higher \[[@B72-ijms-21-04116]\] or lower \[[@B33-ijms-21-04116]\] than in normal tissue and ERα36 expression was not significantly associated with gender, age, grading, size of the tumor, or lymph node metastasis. However, ERα-36 expression positively correlated with Cyclin D1 and GRP94, two downstream effectors of ERα36-mediated non genomic estrogen signaling that could help to explain ERα36 function during gastric carcinogenesis \[[@B72-ijms-21-04116],[@B73-ijms-21-04116]\].

### 4.2.5. Colorectal Cancer {#sec4dot2dot5-ijms-21-04116}

Conversely to most cancers, ERα36 seems to be associated with a good prognosis in colorectal cancer where its expression is inversely correlated with the rate of lymph node metastasis and tumor stage \[[@B74-ijms-21-04116],[@B75-ijms-21-04116]\]. Jiang and colleagues \[[@B74-ijms-21-04116]\] showed that ERα36 expression, which is correlated with that of ERα46, is downregulated in 71% of colorectal cancers tissues compared to the normal tissues.

5. How to Modulate ERα36 Expression or Activity? {#sec5-ijms-21-04116}
================================================

5.1. Regulation of ERα36 Activity {#sec5dot1-ijms-21-04116}
---------------------------------

The majority of *ESR1* gene mutations affecting the LBD and the activity of ERα66, are located in regions devoid of ERα36 \[[@B28-ijms-21-04116]\]. Indeed, only amino acids 184--430 of ERα66 are conserved in the sequence of ERα36. Thus, we can hypothesize that the K303R, E380Q, and V392I mutations could have an impact on the activity of ERα36. Consistently, post-translational modifications, which affect the region 184 to 430 of ERα66, and in particular the phosphorylation of S282 and S305 residues, could also modulate ERα36 activity \[[@B28-ijms-21-04116]\].

Moreover, the activity of the ERα36 variant can be regulated through chaperone proteins such as HSP90 or gamma synuclein. Unlike HSP90 which is also expressed under physiological conditions, gamma synuclein is expressed only in the context of breast tumors. The physical interaction between the gamma synuclein and ERα36, which is independent of the presence of HSP90, stimulates the activation of non-genomic signaling pathways, involving ERK1/2, in particular in response to E~2~ and tamoxifen \[[@B76-ijms-21-04116]\]. Previous studies on three breast cancer cell lines (T47D, MCF-7, and MDA-MB-435) also showed that the expression of the gamma synuclein was associated with an increase in the transcriptional activity of ERα66. This suggested that this chaperone protein could also interact with ERα66 \[[@B77-ijms-21-04116],[@B78-ijms-21-04116]\]. Thus, by stabilizing ERα36 in its active form, the gamma synuclein was associated with a poor prognosis as it participates in the induction of tumor progression (proliferation, migration) and in the development of resistance to tamoxifen \[[@B76-ijms-21-04116],[@B79-ijms-21-04116]\].

5.2. Regulation ERα36 Expression {#sec5dot2-ijms-21-04116}
--------------------------------

### 5.2.1. Transcription Factors {#sec5dot2dot1-ijms-21-04116}

Recently, Nagel and colleagues \[[@B80-ijms-21-04116]\] studied the potential link between the amplification of the *ESR1* gene and the expression of ERα36, since the decrease in DFS associated with the expression of ERα36 in their cohort was similar to the decrease in DFS associated with the amplification of the *ESR1* gene as detected by qPCR. However, irrespective of the technique used, qPCR or FISH, no correlation could be established between the *ESR1* gene copy number and the level of ERα36 expression. It should be noted that none of the primers used targeted the ERα36-specific exon 9 of the *ESR1* gene \[[@B81-ijms-21-04116]\].

The promoter region associated with the expression of ERα36 is located in the first intron of the *ESR1* gene and was cloned in 2009 by Zou and colleagues \[[@B82-ijms-21-04116]\] ([Figure 5](#ijms-21-04116-f005){ref-type="fig"}). This region, which spans approximately 750 bp, is GC-rich and contains a non-canonical TATA box (−295 to −290), consensus sequences for the binding of several transcription factors.

The presence of a half-ERE (5′-AGTCA-3′) in the ERα36 promoter suggests that its expression could be directly regulated by the canonical form ERα66. This was confirmed in HEK293 cells (ERα66-negative) by Zou and colleagues \[[@B82-ijms-21-04116]\]. In addition, the inverse relationship between the expression of ERα66 and that of ERα36 is amplified by WT1 (Wilm's Tumor 1) activity. Indeed, this factor positively regulates ERα66 expression while it negatively regulates that of ERα36 by binding to the 5'-GGGGCGCGCG-3' consensus sequence located upstream of the TATA box \[[@B83-ijms-21-04116]\].

![Regulators of the ERα36 promoter activity. The nucleotide sequence of the 5′ flanking region of ERα36 gene was cloned by Zou and colleagues in 2009 \[[@B82-ijms-21-04116]\]. Putative binding sites of the transcription factors AP1, Sp1, AhR, NF-κB, and WT1, and an ERE half site, are underlined. The putative TATA box is shown as an open box. Various studies have demonstrated that activity of the ERα36 promoter is positively (green) regulated by AP1 but negatively (red) regulated by WT1 and the canonical form ERα66. The ERα36 transcription start site is indicated (curved arrow +1) in bold green. CpG dinucleotides are in bold and those whose level of methylation is correlated with ERα36 expression are indicated in bold red \[[@B84-ijms-21-04116]\]. Adapted from \[[@B82-ijms-21-04116],[@B84-ijms-21-04116]\].](ijms-21-04116-g005){#ijms-21-04116-f005}

To date, the direct link between ERα36 expression and the activity of transcription factors (TFs) binding to its promoter region has not been clearly described. However, some TFs interfere with estrogen signaling in BC. For instance, AhR activity was inversely correlated with the expression of ERα66 in a cohort of 439 patients and NF-κB exhibited greater activity in ERα66-negative and HER2-positive breast tumors \[[@B85-ijms-21-04116],[@B86-ijms-21-04116]\]. In addition, a study by Vivacqua and colleagues \[[@B87-ijms-21-04116]\] indicated that the expression of EGR-1 was induced in response to E~2~ and tamoxifen in ERα66-negative SKBr3 breast cancer cells in a GPER-EGFR-ERK-dependent manner. Finally, Kang and colleagues \[[@B57-ijms-21-04116]\] also demonstrated that the GPER-dependent signaling stimulated the activity of the ERα36 promoter through Src/MEK1/2/AP-1 signaling.

Conversely, Yin and colleagues \[[@B88-ijms-21-04116]\] showed that the expression of ERα36, EGFR, and HER2 was induced in response to tamoxifen in breast cancer MCF-7, T47D, and H3396 cells. This suggested the existence of a positive regulation loop between these three receptors. Indeed, the EGFR and HER2-dependent signaling was associated with an increase in ERα36 expression, through the AP-1 site located in the promoter region \[[@B63-ijms-21-04116],[@B88-ijms-21-04116]\]. In turn, the induction of ERα36 expression is responsible for an increase in the level of HER2 and EGFR proteins.

Thus, despite these few scattered data, little information is available concerning the mechanisms, which regulate the expression of ERα36 in the context of breast cancer cells but also in a physiological context. However, such information could improve our understanding of the possible implication of ERα36 at the time of initiation and/or breast tumor progression, as well as during the acquisition of resistance to estrogen therapy.

### 5.2.2. Epigenetic Regulation {#sec5dot2dot2-ijms-21-04116}

Thiebaut and colleagues \[[@B84-ijms-21-04116]\] identified four CpG islets located in the promoter region of ERα36. The methylation status of each of these islands was determined in 17 biopsies of breast tumors, indicating that the methylation of four CpG sites located in island four had a significant impact on the expression of ERα36, which increased upon methylation of these CpG sites. Although unexpected, this correlation between hypermethylation and the induction of gene expression is frequently observed when the CpG sites involved in regulation are located downstream of the TSS \[[@B89-ijms-21-04116],[@B90-ijms-21-04116]\]. This direct link between the level of methylation of the ERα36 promoter and its expression level was confirmed in vitro by treating MCF-7 cells with a demethylating agent, decitabine (DAC). This treatment induced the demethylation of the four CpG sites previously identified and led to a decrease in ERα36 expression, without impacting cell viability, independently of ERα66 expression or activity ([Figure 5](#ijms-21-04116-f005){ref-type="fig"}). The transcriptional regulators capable of recognizing this differential methylation and thus of modulating the expression of ERα36 have yet to be identified.

### 5.2.3. Post-Transcriptional Regulation of the Expression of ERα36 by microRNAs {#sec5dot2dot3-ijms-21-04116}

Thiebaut and colleagues \[[@B84-ijms-21-04116]\] identified 12 micro-RNAs that target ERα36 but not the 3′-UTR region of ERα66. They focused on hsa-miR-136-5p, the expression of which is two-fold lower in the serum of breast cancer patients than in healthy people. Moreover, the expression of this micro-RNA is inversely correlated with the stage/grade and the metastatic potential of tumors and mammary cell lines. Hsa-miR-136-5p is also described for its tumor suppressor role in the context of prostate cancer, renal carcinomas, pulmonary adenocarcinomas or osteosarcomas \[[@B91-ijms-21-04116],[@B92-ijms-21-04116],[@B93-ijms-21-04116],[@B94-ijms-21-04116],[@B95-ijms-21-04116]\].

In this study, the authors demonstrated an inverse correlation between the expression of this micro-RNA and that of ERα36. In addition, they showed that hsa-miR-136-5p regulates the expression of this variant by interacting directly and specifically with the 3'-UTR region of its mRNA.

The hsa-miR-136-5p gene is located at the DLK1-DIO3 locus of chromosome 14q32 which includes one of the largest non-coding RNA clusters in the genome. Kagami and colleagues \[[@B96-ijms-21-04116]\], showed that the expression of this locus is parentally imprinted and regulated by the level of methylation of 2 DMRs (Differentially Methylated Regions): IG-DMR and MEG3- DMR. Thiebaut et al. demonstrated that MCF-7 breast cancer cells exposed to DAC displayed an increase in hsa-miR-136-5p expression associated with a decrease in that of ERα36. They also showed that DAC blocks the 4-OHT-dependent induction of ERα36 expression in this cell line. Therefore, DAC, which has already been approved by the FDA for the treatment of myelodysplastic syndromes, could be used in combination with 4-OHT to cure ER-positive breast tumors and prevent ERα36-dependent acquired resistance to treatment.

### 5.2.4. Indirect Modulators of Expression {#sec5dot2dot4-ijms-21-04116}

In addition to estrogens, various molecules regulate the expression of ERα36. Anti-estrogens such as tamoxifen and fulvestrant stimulate ERα36 expression \[[@B11-ijms-21-04116],[@B53-ijms-21-04116],[@B88-ijms-21-04116]\]. Other molecules such as flavonoids, i.e., broussoflavonol B and icaritin, purified respectively from the bark of the mulberry tree and a Chinese medicinal herb (Herba Epimedii), negatively regulate the level of expression of the ERα36 protein, through an unknown molecular mechanism. Both molecules are associated with an inhibition of the growth of breast cancer MDA-MB-231 cells by disrupting the positive regulatory loop with epidermal growth factor receptor (EGFR), which promotes malignant growth of TNBC cells \[[@B97-ijms-21-04116],[@B98-ijms-21-04116]\]. E~2~-mediated ERα36 actions occur via E~2~ binding to the Glu 180 residue in helix 2 and the Arg 221 residue in helix 3 within ERα36. Furthermore, icaritin also binds to Glu 180 in helix 2, suggesting a competition between E~2~ and icaritin \[[@B97-ijms-21-04116]\].

Another ERα36 down-regulator, called cyanidine-3-o-glucoside (Cy-3-glu), belongs to the family of anthocyanosides which are natural pigments of leaves, petals, and fruits. These are compounds known to inhibit the growth and metastatic potential of breast cancer cells. Cy-3-glu directly binds to the LBD of ERα36 and inhibits EGFR/Akt signaling in TNBC cells through EGFR degradation prior to inducing apoptosis \[[@B99-ijms-21-04116]\].

Other studies, showed that a mixture of alkylphenols, named M4 (4-nonylphenol and 4-tert-octylphenol in ratio 30:1), representative of human exposure through commercially available foodstuffs \[[@B100-ijms-21-04116]\], induced the expression of ERα36 in the seminoma cell line T-Cam2 and in healthy breast epithelial cells MCF-10A \[[@B39-ijms-21-04116],[@B44-ijms-21-04116]\]. This mixture stimulated the proliferation, survival, and migration of both cell lines. Indeed, these estrogen-mimicking compounds are suspected of modulating ERα36-dependent signaling, namely the JAK/STAT pathway.

Moreover, a transgenerational analysis of wt or MMTV-ERα36 Tg animals, exposed daily to M4 (0.5 µg/kg/day) throughout the gestation period was performed. At weaning (PND21), F3 wt mammary ducts showed an increased stroma and epithelium thickness together with a loss of E-cadherin expression. In Tg MMTV-ERα36 animals, the presence of the transgene seemed to counteract the effects associated with transgenerational exposure to M4. In adulthood, no change in mammary duct histology was observed in either wt or Tg animals MMTV-ERα36 \[[@B44-ijms-21-04116],[@B50-ijms-21-04116]\].

A growing number of studies indicate that fetal or neonatal exposure to estrogen-mimetic endocrine disruptors, such as bisphenol A or vinclozoline, disrupts the physiological development of the mammary gland and could increase the risk of developing breast cancer in adulthood \[[@B101-ijms-21-04116],[@B102-ijms-21-04116],[@B103-ijms-21-04116]\]. This suggests that early and/or hyperstimulation of estrogen signaling by endocrine disruptors may play a role in the mammary epithelium neoplastic transformation. Therefore, it remains to be determined if a continuous, early (fetal/neonatal) or late (post-pubertal) exposure to ERα36 modulators could affect the risk of developing breast cancer.

6. Future Prospects {#sec6-ijms-21-04116}
===================

While many publications now confirm the key role of ERα36 in neoplastic transformation and the progression of different types of solid tumors and begin to describe the mechanisms of regulation of its expression, these data have yet to be transformed into clinical applications.

1.  To improve existing methods for classifying breast tumors by adding a molecular component related to the expression and cellular localization of ERα36. For this purpose, the use of "-omics" approaches coupled with bioinformatics appears to be highly promising.

2.  To identify novel circulating biomarkers predictive of the expression level of ERα36 that could help improve diagnosis and patient follow-up. Indeed, it would be interesting to evaluate whether the detection of ERα36 mRNA or hsa-miR-136-5p in liquid biopsies from breast cancer patients could help to predict the evolution of the tumor and the fate of the patient. Indeed, a precocious increase in ERα36 mRNA and/or decrease in hsa-miR-136-5p in the plasma should be related to early resistance to hormone therapy ([Figure 6](#ijms-21-04116-f006){ref-type="fig"}).

3.  To develop new therapeutic strategies targeting partners of ERα36 or ERα36-dependent signaling, for example in mammary tumors.

In approximately 60--70% of cases, breast tumors are hormone-dependent, as their growth and progression are controlled by estrogen and/or progesterone. In the context of ERα66-positive tumors, hormone therapy is often included in the therapeutic protocol, as a complement to therapeutic strategies based on surgery and chemotherapy. However, intrinsic or adaptive resistance to such treatments are observed in around 30% of cases and highlight the need for studies aimed at identifying molecular mechanisms that may decipher the mechanisms underlying these resistances.

Cohort studies conducted by Shi and colleagues \[[@B52-ijms-21-04116]\] and Wang and colleagues \[[@B53-ijms-21-04116]\], revealed that ERα36 expression in ERα66-positive breast tumors treated with tamoxifen is a poor prognosis. This deleterious effect appears to be largely related to the agonistic/ inducing effects of tamoxifen on ERα36 which lead to the activation of various signaling pathways involved in metastatic properties \[[@B53-ijms-21-04116]\]. Indeed, treating MDA-MB 436 breast cancer cells with tamoxifen leads to the detection of an ERα36 modified heavy form of into the nucleus, which is associated with the induction the mammary cancer stem cell marker ALDH1 \[[@B53-ijms-21-04116],[@B104-ijms-21-04116]\]. However, the mechanism underlying this ERα36-dependent nuclear localization and transcriptional regulation remains to be determined. Can ERα36 bind to other nuclear receptors or transcriptional factors to directly regulate target gene expression or serve as a nuclear transporter for other oncogenic transcription factors? Could this ERα36 nuclear localization be considered a new prognostic factor for cancer stem cell proliferation?

Finally, it seems that the ERα36/EGFR/HER2 loop plays an important role in tamoxifen resistance as Yin and colleagues showed that inhibition of this loop with a dual tyrosine kinase inhibitor, lapatinib, or ERα36 downregulator Broussoflavonol B restores the sensitivity of MCF-7 cells that were resistant to tamoxifen \[[@B88-ijms-21-04116],[@B105-ijms-21-04116]\]. Furthermore, Icaritin and Cy-3-glu are associated with EGFR-dependent signaling inhibition and apoptosis of MDA-MB-231 triple negative breast cancer cells \[[@B97-ijms-21-04116],[@B99-ijms-21-04116]\]. Therefore, the use of these inhibitors could counteract the positive ERα36/EGFR loop in the progression of triple-negative breast tumors or the ER36/EGFR/HER2 loop in tamoxifen resistance within ERα66--positive breast tumors.

These ERα36-dependent mechanisms are part of the acquired resistance to tamoxifen, while exposure to this anti-estrogen has been shown to be associated with an induction of ERα36 expression in MCF-7 breast cancer cells \[[@B88-ijms-21-04116]\]. Similarly, Wang and colleagues \[[@B53-ijms-21-04116]\] observed that ERα36 expression is significantly greater in tamoxifen-exposed breast tumors than in non-exposed tumors. Thiebaut et al. showed that co-exposure to 4-OHT and DAC counteracts tamoxifen-dependent induction of ERα36 expression in MCF-7 cells \[[@B84-ijms-21-04116]\]. This combination of treatment could therefore restore the sensitivity of breast cancer cells to tamoxifen. As a continuum, it would be of interest to assess the combined effects of DAC and 4-OHT on breast cancer cell survival in vitro, but also in vivo in PDX tumor models resistant or not to tamoxifen \[[@B106-ijms-21-04116]\].

So far, the link between ERα36 expression and the response of breast tumors to chemotherapy is not clearly established. Indeed, the studies by Shi and colleagues \[[@B52-ijms-21-04116]\] and Wang and colleagues \[[@B53-ijms-21-04116]\] have shown that the expression of this variant is not correlated with the survival of patients with ERα66-positive tumors treated with chemotherapy (cyclophosphamide or methotrexate). However, a study by Zhu and colleagues \[[@B62-ijms-21-04116]\] showed that the variant ERα36 is involved in the development of resistance to cisplatin in MCF-7 cells and MDA-MB-231, depending on the ERα36/EGFR/HER2 loop. The involvement of ERα36 in the development of resistance to paclitaxel by MDA-MB-231 cells has also been demonstrated \[[@B59-ijms-21-04116]\]. Interestingly, Thiebaut and colleagues \[[@B84-ijms-21-04116]\] suggested that the ERα36 mRNA could be a target for hsa-miR-1253 microRNA, which is repressed in the paclitaxel-resistant Bads-200 and Bats-72 breast cancer cells \[[@B107-ijms-21-04116]\]. Thus, it would be interesting to study the link between the expression of this microRNA and the expression of ERα36 in the context of acquired resistance to paclitaxel. Finally, it has also been shown that the JAK/STAT3/MAPK/Akt pathway, which is modulated by the expression of ERα36 \[[@B44-ijms-21-04116]\], is involved in the resistance of MDA-MB 231 and MDA-MB 468 triple negative breast cancer cells to paclitaxel \[[@B108-ijms-21-04116]\].

7. Conclusions {#sec7-ijms-21-04116}
==============

In conclusion, ERα36 now clearly appears as a tumor malignancy marker in many cancers and its high expression constitutes a reliable biomarker, predictive of disease progression and resistance to anti-tumor therapy. Furthermore, recent data from the literature provide new information on the regulation of its activity/expression, and propose new therapeutic approaches (epigenetic and/or medicinal) to modulate its expression and thus counteract metastatic progression and acquired resistance to treatment.
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![Genomic organization of the *ESR1* gene. (**A**) The promoter region of the *ESR1* gene contains 9 non-coding exons (green boxes), annotated from A to F---T1, T2, and 7 alternative promoters each having its own TSS (arrows). There is also a splice acceptor site located at position +163 bp. The dotted lines symbolize the different possibilities for the splicing of non-coding exons, as described in the literature. Exons E1 and T2 expression depends on the promoters E2 and T1, respectively. (**B**) The coding region of the *ESR1* gene consists of 10 exons (blue boxes), numbered from 1--1′to 9, separated by 9 introns. There is also an 8th alternative promoter located at the level of exon 1′. In this schematic representation, the scale is not respected but some estimated positions are indicated below the exons, in base pairs (bp). Position +1 corresponds to the first transcription initiation site (TSS) described by Greene and colleagues, in 1986 \[[@B2-ijms-21-04116]\]. The indications in red correspond to the length of long intronic regions in kilo base pairs (kbp). Adapted from \[[@B14-ijms-21-04116],[@B15-ijms-21-04116]\].](ijms-21-04116-g001){#ijms-21-04116-f001}

![The main biological processes affected by ERα36 expression in mouse fetal testis. Heatmaps showing the expression level of differentially expressed genes involved in «Cell cycle», «Differentiation» and «Meiosis» processes in Oct4-ERα36 C57BL6/J transgenic mice compared to wild-type ones. Cell cycle: 37 genes; Differentiation: 51 genes and Meiosis: 16 genes. Red: down regulated genes vs. green: up-regulated genes. For each experimental condition, 3 biological replicats of independent fetal gonad pools are presented.](ijms-21-04116-g003){#ijms-21-04116-f003}

![ERα36-dependent non genomic pathways. DAG: Diacylglycerol, ERK: Extracellular signal-Regulated Kinase, TF: Transcription Factor, IP3: Inositol trisphosphate, JNK: c-Jun N-terminal Kinase, MEK: MAP/ERK Kinase, MKP3: MAP Kinase Phosphatase 3, PIP2: Phosphatidylinositol-4,5-bisphosphate, PKC: Protein Kinase C, PLC: Phospholipase C, ER: Endoplasmic Reticulum.](ijms-21-04116-g004){#ijms-21-04116-f004}

![Summary of new therapeutic stategies, combined to counteract ERα36-dependent resistance to hormone therapy in breast cancer. Since ERα36 expression/ activity is stimulated by tamoxifen and cisplatin but down-regulated by broussoflavonol or Icaritin, decitabine and some micro-RNA overexpression, a dietary administration of flavonoids combined to anti-cancer strategy based on both hormone therapy and demethylating agents could prevent the emergence of ERα36-dependent resistance to hormone therapy in luminal breast tumors.](ijms-21-04116-g006){#ijms-21-04116-f006}
